Summary Osteoporosis, a skeletal disorder characterized by a reduction in bone strength, increases fracture risk. Primary osteoporosis is usually a result of reduced bone mineral density as a consequence of natural aging. Secondary osteoporosis is usually a result of a disease, such as cystic fibrosis, or medical treatment, such as corticosteroids or cancer treatment. Introduction Currently, ten million Americans are osteoporotic and an additional 34 million have the precursor condition, osteopenia. Osteoporosis leads to 1.5 million fractures and 500,000 hospitalizations annually. Osteoporosis-related fractures increase mortality and reduce quality of life. Calcitriol, the active form of vitamin D, regulates intestinal calcium absorption, among other actions. During the past four decades, many clinical trials investigating the effect of calcitriol on bone loss have been performed. Methods We conducted a systematic qualitative review of clinical trials that assessed calcitriol for the treatment of osteoporosis and bone loss. In these clinical trials, calcitriol was used as a monotherapy and in combination with other therapeutic bone agents. Results and conclusion Studies using calcitriol monotherapy, although not conclusive, found that calcitriol slowed the rate of bone loss in a variety of populations. Calcitriol in combination with other therapeutic bone agents was shown to have additional bone-preserving effects when compared to the use of therapeutic bone agents alone. A common sideeffect of calcitriol therapy was hypercalcemia and hypercalciuria, but the degree of hypercalcemia was mild. Recent research found that intermittent dosing can reduce hypercalcemia rates. Calcitriol, alone or in combination with other agents, should be considered for the therapy of osteoporosis.
Introduction
Osteoporosis is a skeletal disorder characterized by diminished bone strength, which results in an increased risk of fracture [1] . Unfortunately, there is no direct method of determining bone strength. The most commonly used measure of bone health is bone mineral density (BMD). Determining BMD through dual-energy X-ray absorptiometry (DXA) is considered the "gold-standard" for diagnosing osteoporosis, although it fails to detect half the cases of subsequent fractures [2] . Due to recent advances, relatively inexpensive biomarkers can be used to examine levels of bone turnover and predict the risk for osteoporosis. Markers of bone resorption measure levels of collagen breakdown products in blood or urine samples [1, 3, 4] . Levels of bone formation can also be determined fairly easily through blood tests that measure the proteins specific to formation [5] .
Primary osteoporosis
Primary osteoporosis, the most common form, usually results from age-related reductions in bone mineral density and bone strength [6] . The disease is much more common in women who have a two-to threefold higher rate of osteoporosis than men [7] . The difference in osteoporosis rates is mainly due to the sudden drop in hormone levels that a woman experiences at the onset of menopause, during which rapid bone loss occurs for 4-8 years [8] . Over time, the body's capacity to form bone is reduced, and vitamin D and calcium intake tends to decline [1] . As serum levels of calcium decline, the body is forced to remove calcium from bone to make up for the deficit.
Secondary osteoporosis
Secondary osteoporosis is not related to aging. This type of osteoporosis is usually a side effect of another condition or medication. Those with secondary osteoporosis tend to lose bone at a greater rate than individuals of similar age, gender, and race. Several genetic diseases such as cystic fibrosis and Gaucher's disease have been linked to increased rates of osteoporosis, although these conditions are rare [9] . Osteoporosis can be caused by certain medications, most notably corticosteroids. Since corticosteroids are used to treat multiple conditions, corticosteroid-induced osteoporosis is a common form of secondary osteoporosis. Corticosteroids quickly reduce bone formation levels and increase bone resorption, resulting in a decreased BMD and increased risk of fracture [10, 11] . Other medications interfere with the absorption of compounds that are beneficial to bone health, such as calcium, vitamin D, and phosphate, often resulting in secondary osteoporosis [12] .
Another cause of secondary osteoporosis is cancer treatment-induced bone loss. Over the past 25 years, advances in cancer treatment and screening have dramatically increased survival rates [13] . As a result, many people diagnosed with cancer are living longer, and currently more than ten million cancer survivors live in the United States [14, 15] . Unfortunately, many of these life-saving cancer treatments produce deleterious effects on the skeletal system. Several chemotherapeutic agents have direct effects on bone, resulting in reduced BMD [16, 17] . Additionally, chemotherapeutic drugs used for the treatment of lymphoma, breast, testicular, and prostate cancers often result in hypogonadism. The consequent drop in hormone levels results in rapid bone loss for these patients [18, 19] . Many breast and prostate cancers display some sort of hormone dependence for which endocrine therapies are employed [20, 21] . The use of these therapies, such as aromatase inhibitors and androgen deprivation therapy, leads to decreased BMD and increased risk of fracture [22] [23] [24] . Overall, many cancer survivors remain at risk for secondary osteoporosis.
Burden of osteoporosis
Currently, osteoporosis is a public health priority due to the large number of people affected. In 2004, ten million Americans were considered osteoporotic, while an additional 34 million were estimated to have the precursor condition, osteopenia [25] . Furthermore, the number of Americans with osteoporosis is expected to rise to almost 14 million women by the year 2020 [26] . This translates into 1.5 million fractures and leads to approximately 500,000 hospitalizations annually [27, 28] . Hip fractures are the most devastating; the risk of death is approximately three times higher for individuals in the year after a hip fracture, while the increased mortality from a vertebral fracture is less than two times higher [29, 30] . Additionally, about 20% of hip fracture patients require admission to a nursing home [31] . In addition to the increased morbidity due to osteoporosis, there is a financial burden placed on the medical system. It is estimated that expenditures related to osteoporosis fall just short of $18 billion annually [32] . Hip fractures account for the majority of cost, over 60%, and each hip fracture costs up to $40,000 in medical treatment [28, 32] .
In addition to the considerable financial burden, there is also a detrimental effect on quality of life among individuals affected by osteoporosis. Approximately, two thirds of hip fracture patients do not return to their prefracture level of functioning [33] . Vertebral fractures often result in severe back pain that can last for years [34] . Osteoporosis-related fractures can limit daily activities, such as climbing stairs, getting dressed, cooking, and taking medications [35] . Fractures also have a profound effect on quality of life as measured by quality-adjusted life years [36] . Fracture patients also report significant sleep problems, depression, and fear of another fracture [37] .
Vitamin D and vitamin D analogs
Plain vitamin D, often called native vitamin D, is photosynthesized in the skin in response to sunlight or obtained from supplements or dietary sources. In humans, vitamin D is hydroxylated in the liver into the vitamin D analog alfacalcidol (1α-hydroxycholecalciferol), which is hydroxylated again in the kidney into the vitamin D analog calcitriol (1,25 dihydroxycholecalciferol) . The advantage of administering vitamin D analogs is that the prodrug alfacalcidol avoids the effect of age-related declines in hepatic function, while calcitriol avoids the effect of agerelated declines in hepatic and renal function [38] . However, due to their high potency, use of these vitamin D analogs is associated with a higher risk of hypercalcemia and hypercalciuria compared to native vitamin D supplementation, in addition to their higher cost [38, 39] .
Scientists noted that calcitriol was responsible for the absorption of calcium from the intestine [40] . It was later hypothesized that calcitriol plays a crucial role in skeletal system regulation due to its effect on calcium absorption and may have additional bone-protective effects independent of its calcium absorption effects [41, 42] . In addition to its positive effects on the skeletal system, calcitriol plays a vital role in muscular function in which higher levels are associated with increased muscular strength and balance [43] [44] [45] . Although diminished BMD increases the risk of fracture, falls play an important role too [46, 47] . Reduced muscle strength and poor balance also enhance the risk of falls [48] [49] [50] [51] , and higher serum levels of calcitriol are associated with improved balance and strength [52] [53] [54] . Although this review focuses on bone metabolism and BMD, clinicians should also consider the nonskeletal benefits of calcitriol therapy when prescribing an antiosteoporotic regimen. During the past four decades, clinical trials have examined the efficacy of calcitriol in regard to bone loss, both as a monotherapy and in combination with other agents in different populations.
Methods
We performed a systematic review of the literature involving calcitriol therapy for bone loss. The following databases were searched in January 2009 for studies published between 1971 and 2009: Ovid/MEDLINE®, PubMed, and Cochrane. Two individuals independently searched these databases using the keywords calcitriol, vitamin D, cholecalciferol, 1,25 dihydroxyvitamin D, 1,25-dihydroxycholecalciferol, Rocatrol®, vitamin D analogs, and vitamin D hormone to identify clinical studies that used calcitriol. The following search terms: bone loss, bone mineral density, bone health, bone remodeling, bone turnover, bone, bone fractures, and fractures were used to identify clinical studies that assessed bone loss and/or bone metabolism. Articles identified as having used calcitriol and having assessed bone loss and/or bone metabolism were combined. Limits that were used included English language, clinical trial, and randomized controlled trials. Using the aforementioned search strategy, a total of 893 articles were identified, and Table 1 displays these results. Studies were included in this review if they (a) administered calcitriol and (b) examined the effect of calcitriol on either BMD or bone biomarkers. The primary author (L.J.P.) reviewed 893 abstracts of the identified articles to determine if they met the inclusion criteria for review. Publications that met the inclusion criteria were reviewed, and data such as the study population, design characteristics, primary results relevant to bone loss, assessment measures, and adverse events were recorded. The accuracy of the extracted information was confirmed by another author (S.H.). In addition, the references cited in the article that met the inclusion criteria were reviewed to identify additional trials that may not have been identified from the Interpreting changes in bone formation is most accurate when accompanied by changes in bone resorption. The most specific markers of bone formation include serum osteocalcin (OC) and bone-specific alkaline phosphatase (BSAP), and the most sensitive markers of bone resorption are crosslinked C-(CTx) and N-(NTx) telopeptides of type I collagen [63] . Older studies tended to rely on nonspecific biomarkers, such as total alkaline phosphatase (ALP) and urinary hydroxyproline (Hyp), which lack the sensitivity and specificity to accurately predict fracture risk [64] . Sixteen trials have examined the effect of calcitriol monotherapy on various bone biomarkers in healthy men, healthy women, and patients with primary or secondary osteoporosis [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] . Three trials examined the effects of calcitriol on bone biomarkers over a short period of time with two trials lasting 1 week [69, 77] and the other lasting 4 weeks [80] . All three of the studies found that levels of parathyroid hormone (PTH), a marker of resorption, decreased significantly over the course of the study. Two of the studies reported statistically significant increases in bone formation, as determined by levels of OC [69, 77] . In addition, one study found that bone resorption, as determined by levels of NTx, significantly decreased over 4 weeks [80] . These studies demonstrated that a short course of calcitriol therapy was effective at stimulating bone formation and reducing bone resorption in a dosedependent manner.
Nine trials have studied the effect of calcitriol on postmenopausal women, the majority of whom had already been diagnosed with osteoporosis [65-68, 70, 72-74, 79] . Trial durations ranged from 6 months to 8 years, with the majority lasting at least 1 year; the calcitriol doses ranged from 0.5 to 1.0 μg/day, with 0.5 μg/day as the most common dose. One study, a single-arm trial, reported a significant increase in bone formation from baseline to the completion of the study [66] . Of the seven studies that used a two-arm design and compared the effectiveness of calcitriol to a placebo or calcium therapy, four reported statistically significant increases in at least one bone biomarker in the calcitriol arm [67, 68, 73, 74] . The other three studies found no difference in women who were treated with calcitriol and the control groups for any of the bone biomarkers [65, 70, 72] . Two studies reported significant reductions in PTH levels, a marker of excessive bone resorption among those in the calcitriol arm when compared to the placebo group [73, 74] . Four studies reported significant reductions in bone resorption, [68, 73, 74, 79] and three studies reported significant changes in bone formation [66, 67, 74] for those in the calcitriol group compared to the control group. The final study used a threearm design, comparing calcitriol therapy to hormone replacement therapy (HRT) and placebo among a group of early menopausal women and a separate group of 70-year old women [79] . No difference between calcitriol and placebo was noted among the early menopausal women, but 70-year old women in the calcitriol arm experienced a decline in bone resorption compared to the placebo group.
Four trials were identified that examined the effects of calcitriol among patients who underwent an organ transplant or received corticosteroid therapy [71, 75, 76, 78] . The trials lasted between 1 and 3 years, and the dose of calcitriol for these studies ranged from 0.25 to 0.75 μg/day. Two studies [71, 75] compared calcitriol therapy to placebo treatment, and one of those studies reported significant differences in levels of bone formation between the groups over the course of the trial in favor of the calcitriol arm [75] . One study compared the efficacy of calcitriol against the bisphosphonate alendronate [76] and the other trial compared calcitriol against HRT [78] . Both HRT and bisphosphonates have demonstrated bone-preserving effects; calcitriol demonstrated synergy when combined with HRT and equivalence when compared to bisphosphonates in regard to its ability to reduce bone resorption.
The majority of studies found monotherapy calcitriol was effective in reducing bone loss, as determined by various bone biomarkers, across a variety of populations, but the results should be interpreted with caution. Many of the older studies relied on nonspecific bone biomarkers such as Hyp and ALP, which are not as accurate at predicting bone loss as newer, more specific biomarkers [68, [70] [71] [72] [73] 79] . In addition, the two studies that reported null results relied on nonspecific biomarkers [70, 72] . Among the 11 studies that used more specific biomarkers, all reported statistically significant changes in at least one of the markers, attesting to the effectiveness of calcitriol monotherapy to reduce levels of bone loss [65-67, 69, 74-78, 80] . Hypercalcemia was reported in six of the studies but was generally described as mild [65, 67, 72, 75, 76, 79] . Overall, the evidence suggests that calcitriol monotherapy is effective in improving bone metabolism, as determined by biomarkers, across a range of patient populations.
Monotherapy calcitriol therapy, BMD, and fractures
Measurements and changes in BMD are among the most predictive factors in determining fracture risk [81] . Nineteen trials examined the effect of calcitriol on changes in BMD across a variety of populations [65, 67, 70-72, 74-76, 78, 82-91] . BMD was assessed at various anatomical sites, including the hip, spine, femur, radius, and total body. Among these trials, the daily dose of calcitriol ranged from 0.25 to 1.0 μg, with 0.5 μg/day being the most common dose. The trial durations ranged from 6 months to 8 years; the majority of trials lasted between 1 and 3 years. Of the 19 trials, 11 reported statistically significant increases in BMD at one or more sites for the calcitriol group when compared to the placebo group [65, 67, 70, 71, 74, 75, 84, [87] [88] [89] [90] . Five trials reported no difference in BMD changes between those receiving calcitriol therapy and those in the placebo group [72, 78, 82, 85, 91] . The final three trials found that calcitriol therapy was equivalent to proven bone therapies, such as bisphosphonates [76] , high-dose vitamin D [83] , and alfacalcidol (a calcitriol prodrug) [86] .
The majority of the 19 studies examining monotherapy calcitriol in regard to BMD changes were conducted among postmenopausal women, many of whom had measurable bone loss [65, 67, 70, 72, 74, 83-87, 89, 90] . Of the 12 studies investigating calcitriol therapy in relation to BMD changes among postmenopausal women, eight reported that calcitriol had significant favorable effects when compared to placebo treatment [65, 67, 70, 74, 84, 87, 89, 90] . All studies compared the effects of calcitriol against a placebo arm, except one study that used historical controls [67] and another study that used a one-arm trial design [84] . Changes in BMD were commonly observed in the lumbar region, the most common site of osteoporotic fractures, and four studies reported significant differences at this site [65, 70, 87, 90] . Three studies detected significant changes in the distal radius [65, 84, 89] , two studies in the hip region [70, 74] , and two studies found a difference for total BMD [67, 87] . Changes in bone density were modest; many studies reported 1-3% annual increases in BMD, while participants in the control arms continued to lose BMD over the course of the study. Two trials reported no difference between calcitriol therapy and placebo. Falch et al. found no difference in bone mineral content between daily calcitriol (0.25 μg b.i.d.) and 400 IU of vitamin D [85] , and Ott et al. reported no difference in lumbar BMD between calcitriol and placebo treatments over 2 years [72] . One study found that the increase in lumbar BMD for calcitriol therapy was equivalent to that produced by 100,000 IU of vitamin D per week [83] , and another study concluded that the changes in lumbar BMD were equal for calcitriol therapy and alfacidiol (another vitamin D analog) therapy [86] . Overall, the majority of trials demonstrated that calcitriol can slow or even reverse bone loss among postmenopausal women, many of whom already have measurable bone loss.
Three of the 20 studies examining monotherapy calcitriol in relation to bone health did so among patients who underwent organ transplants [75, 76, 78] . Sambrook et al. found that transplant patients administered calcitriol (0.5-0.75 μg daily), and calcium had significantly greater increases in BMD than patients who received calcium alone [75] . Another study found no difference in BMD change between a group of transplant patients receiving calcitriol, calcium supplementation, and hormonal therapy compared to a group receiving only calcium and hormonal therapy [78] . The final study involving transplant patients found one group of patients receiving the bisphosphonate, alendronate, and another group receiving calcitriol lost significantly less BMD compared to patients in the control arm [76] . This study also found no difference in BMD change at the femur and hip between those receiving alendronate and calcitriol. Three studies administered calcitriol to patients who had experienced bone loss as a result of corticosteroid therapy [71, 88, 91] . Lambrinoudaki et al. [71] found significantly increased lumbar BMD, and Mirzaei et al. [88] found significantly increased femoral BMD for those in the calcitriol arm when compared to those in the control arm. Diaz et al. [91] administered calcitriol to 24 children aged two to 11 with acute lymphoblastic leukemia. Overall, no significant change in lumbar BMD was found, but a significant increase in lumbar BMD was reported in the calcitriol arm for those with a low baseline BMD. The final study involving calcitriol monotherapy was conducted was among males with primary osteoporosis. This study reported a 2% increase in femoral BMD for the calcitriol group and no change for the placebo group, although the difference was not significant [82] .
Ten studies reported the effect of calcitriol monotherapy on fracture incidence, although, the majority were post-hoc analyses and lacked statistical power [65, 67, 72, 75, 76, 82, 85, [92] [93] [94] . Two separate one-arm trials reported significantly lower fracture rates after calcitriol therapy compared to baseline fracture rates [67, 92] . One large trial reported a fracture rate of 12 per 100 patient-years (PY) for the calcitriol arm and a fracture rate of 44 per 100 PY for the control group (P<0.05) at 3 years of follow-up [94] . Another trial reported a fracture rate of 297 per 1,000 PY for those who were administered calcitriol compared to 823 per 1,000 PY given a placebo [93] . Among transplant patients, Sambrook et al. [75] reported 22 fractures in the control group versus one fracture in the calcitriol group (P< 0.05), and Shane et al. [76] found only 3.4% of those given calcitriol sustained a new fracture compared to 13.6% in the control group, although the difference was not statistically significant. The remaining four trials found no significant difference in fracture rates between the calcitriol and control groups [65, 72, 82, 85] .
Although the results of these studies are mixed, the majority concluded monotherapy calcitriol is effective in preventing bone loss. Eleven [65, 67, 70, 71, 74, 75, 84, [87] [88] [89] [90] of 19 studies found statistically significant increases in BMD for calcitriol when compared to control conditions and three [76, 83, 86] trials reported calcitriol was equivalent to other treatments that have been shown to prevent bone loss. Of the five studies [72, 78, 82, 85, 91] that reported null results, four [72, 82, 85, 91] had relatively small samples (n<90), and one trial administered vitamin D to the control group [85] . Five [67, 75, [92] [93] [94] of ten [65, 67, 72, 75, 76, 82, 85, [92] [93] [94] studies that reported fracture rates found calcitriol significantly reduced fractures. Three [65, 76, 82] other studies reported findings suggestive of a protective effect from calcitriol but lacked statistical significance, while the final two [72, 85] trials reported no difference in fracture rates. Seven trials reported increased hypercalcemia as a result of calcitriol therapy [65, 67, 72, 75, 76, 85, 89] . Calcitriol monotherapy may protect against bone loss, but the evidence is less convincing for fractures, which were studied as primary end-points in a minority of studies.
Combination calcitriol therapy and bone biomarkers
Studies have examined the effectiveness of calcitriol in combination with other effective bone therapeutics, such as bisphosphonates, HRT, corticosteroids, and calcitonin, through bone biomarkers among individuals with primary and secondary osteoporosis [53, [95] [96] [97] [98] [99] [100] [101] . Three studies used calcitriol in combination with HRT among postmenopausal women [53, 96, 99] . The first lasted only 5 days and found subjects assigned to calcitriol plus HRT experienced a significant drop in PTH compared to subjects given HRT alone [96] . No difference in bone resorption between the two groups was observed. The other two studies noted significant decreases in osteocalcin levels for the HRT/calcitriol combination group when compared to HRT alone [53, 99] . In one study, the combination of calcitriol and HRT significantly reduced bone resportion and PTH levels compared to the placebo group [53] .
Two trials examined the combination of alendronate plus calcitriol on bone biomarkers among postmenopausal women with osteoporosis [95, 100] . Barone et al. found that secondary hyperparathyroidism decreased the beneficial effect of alendronate on BMD in osteoporotic women. The combination of alendronate and calcitriol increased the response to alendronate due to a reduction in PTH levels by calcitriol [95] . Rhee et al. reported significant reductions in both bone resorption (P<0.01) and bone formation (P< 0.05) for the calcitriol/alendronate group compared to the control group that received alfacalcidiol [100] . Two other studies used calcitriol in combination with calcitonin; one study investigated changes among individuals with osteoporosis [97] and the other study used patients undergoing corticosteroid therapy [101] . Eriksson et al. [97] failed to find any difference in PTH levels between the groups, while Sambrook et al. [101] found osteocalcin levels were significantly reduced for individuals given either a combination of calcitriol, calcitonin, and calcium or a combination of calcitriol and calcium compared to the calcium only group. The final study reported the effects of corticosteroids, which diminish bone density and calcitriol among healthy male volunteers over the course of 28 days [98] . Males receiving corticosteroids had diminished bone formation, while males receiving only calcitriol had increased bone formation, and calcitriol appeared to attenuate the decrease in bone formation in those who received a combination of corticosteroids and calcitriol.
Of the seven studies that used calcitriol in combination with other therapeutic bone agents, six reported significant changes in at least one bone biomarker that favored the calcitriol combination arm [53, 95, 96, [98] [99] [100] [101] . Four of the studies reported calcitriol had a synergistic effect in combination with the therapeutic agent that was used [53, 95, 99, 101] . Hypercalcemia was a reported side-effect of calcitriol therapy in four studies [53, 97, 99, 101] . Overall, calcitriol in combination with other bone agents was welltolerated and had favorable effects on bone biomarkers across different populations (Table 2) .
Combination calcitriol therapy, BMD, and fractures
Eleven studies evaluated the effect of calcitriol in combination with various therapeutic bone agents on BMD changes among a variety of populations [53, 95, 97, 99- . Study durations ranged from 6 months to 3 years, with the majority lasting between 1 and 2 years. All of the studies administered daily doses of 0.5 μg of calcitriol, except one study that used a mean dose of 0.6 μg of calcitriol [101] and another study that gave participants only 0.25 μg of calcitriol every other day [105] . Ten studies measured BMD changes in the lumbar region [53, 95, 97, 99-103, 105, 106] , five studies used femoral BMD [53, 101, 102, 105, 106] , four studies used radial BMD [97, 101, 102, 104] , three studies used total body BMD [53, 99, 102] , and two studies used hip BMD [95, 99] . All of the studies enrolled postmenopausal women with osteoporosis, except one study that enrolled participants with corticosteroid-induced osteoporosis [101] and another that enrolled healthy postmenopausal women [53] . Six studies used calcitriol in combination with bisphosphonates [95, 100, 102, 103, 105, 106] , three studies used calcitriol and HRT [53, 99, 104] , and three studies used calcitriol and calcitonin [97, 101, 103] .
Of the six studies examining the combination of bisphosphonates plus calcitriol, all reported significant changes in BMD at one or more sites favoring the combination arm over the control arm [95, 100, 102, 103, 105, 106] . Four [95, 102, 105, 106 ] studies compared bisphosphonate monotherapy to combination bisphosphonate/calcitriol therapy, and three [95, 102, 106] of those studies found the combination to be more effective in increasing BMD than bisphosphonate monotherapy. Barone et al. reported a 3.7% increased in lumbar BMD for alendronate alone and a 6.8% increase in lumbar BMD for combination alendronate/calcitriol therapy after 1 year (P<0.01) [95] . Another study reported similar results: lumbar BMD increased by 2.7% for patients taking the bisphosphonate etidronate and 5.2% for those taking a combination of etidronate plus calcitriol (P<0.05) [106] . Frediani et al. found that calcium levels in urine were significantly increased by calcitriol and significantly decreased by alendronate, but calcium levels in urine in the combination group (calcitriol plus alendronate) remained stable compared to the baseline values. These findings may be important in order to decrease the risk of hypercalcemia and for an inhibition of frequent episodes of hypercalciuria induced by calcitriol. Rhee et al. concluded the combination of calcitriol plus alendronate significantly increased lumbar BMD when compared to the vitamin D derivative alfacalcidiol [100] . The increase in BMD following combination therapy was greater than that following monotherapy calcitriol, with BMD increasing between 2-7% annually in the combination groups. These studies clearly show that the combination of bisphosphonates plus calcitriol is particularly effective at increasing BMD.
Three studies examined the effects of HRT in combination with calcitriol on postmenopausal women, and all three reported significant gains in BMD for the combination arm compared to the control arm [53, 99, 104] . In general, the increases in BMD were large, ranging between 2% and 4% annually. Two [53, 99] of the three studies concluded the combination of HRT plus calcitriol was significantly superior to HRT monotherapy in regard to BMD, while the third study [104] found no difference in BMD between HRT alone and the combination of HRT plus calcitriol. Of the two studies using a combination of calcitriol plus calcitonin, one [101] found significant increases in BMD for the combination group compared to the control group, while the other [97] did not find any difference between the two groups. Calcitriol in combination with HRT appears to be well tolerated and more efficacious than HRT alone, while the benefits of the combination of calcitriol plus calcitonin remain inconclusive.
Only two studies [53, 99] examined the effect of calcitriol in combination with HRT on fracture rates, and neither study was powered to detect a difference in fracture rates. Gallagher et al. reported a fracture rate of 4.9% for participants in the calcitriol only arm and 7.8% for participants in the combination HRT/calcitriol arm, compared to 10.7% and 11.9% for participants in the control arm and HRT only arm, respectively [53] . Nevertheless, these differences were not statistically significant. Gutteridge et al. found 12% of participants in the combination HRT/calcitriol arm suffered new fractures compared to 22% in the HRT alone arm, although the difference was not significant [99] . Preliminary evidence suggests calcitriol in combination with other therapeutic bone agents may reduce fracture rates, but more conclusive evidence from long-term studies is needed.
Results from the studies reviewed in this section show that calcitriol used in combination with other therapeutic bone agents significantly preserved BMD when compared to control treatment. Nine [53, 95, [99] [100] [101] [102] [104] [105] [106] of the ten studies [53, 95, 97, [99] [100] [101] [102] [104] [105] [106] reported significant changes in BMD that favored the calcitriol combination arm over the control arm. In addition, five [53, 95, 99, 102, 106] of seven [53, 95, 99, 102, [104] [105] [106] studies reported that calcitriol in combination with a therapeutic bone agent had a significantly greater effect on BMD compared to the therapeutic bone agent alone. Hypercalcemia was noted as a complication of calcitriol therapy in five studies [97, 99, 101, 103, 104, 106] . These results show that combination calcitriol therapy is more effective than monotherapy with calcitriol or other therapeutic bone agents with BMD gains between 2% and 7% annually for the combination arms. The large gains in BMD from combination therapy might be due to synergistic bonepreserving mechanisms, such as simultaneously decreasing bone resorption and increasing bone formation [107] . Future research is needed to determine the efficacy of combination calcitriol therapy on fracture rates among vulnerable populations (Table 3) . [75, 76, 79, 85, 89, 99, 101, 103, 104] . Evidence from these studies shows that frequency of dosing, as opposed to size of dose, was most closely related to the development of hypercalcemia. The failure of many physicians to use calcitriol therapy for bone loss may relate to fear of possible hypercalcemia. Despite the high incidence of hypercalcemia observed in these studies, the grade of toxicity was often described as mild or moderate (≤ grade 2 toxicity).
No deaths or life-threatening toxicities were reported in any of the studies reviewed. Recent research on the use of calcitriol as an antineoplastic agent in the treatment of prostate cancer [108] [109] [110] [111] [112] [113] [114] [115] found that hypercalcemia developed in most patients during daily calcitriol administration of slightly greater than standard replacement doses [116] . The introduction of intermittent dosing (three consecutive days a week or weekly dosing) using substantially higher doses significantly reduced the incidence of hypercalcemia. To date, more than 600 cancer patients have been enrolled in trials that administered high-dose intermittent calcitriol (≥30 μg/week calcitriol) [110, 112, 114, 115, [117] [118] [119] [120] [121] [122] [123] . The studies reported a low incidence of mild hypercalcemia (≤ grade 2), and there were no reports of deaths or severe hypercalcemia (≥ grade 3) employing intermittent dosing despite using calcitriol amounts that far exceed standard replacement doses.
Clearly, there is scientific evidence from clinical trials for the use of calcitriol, both as a monotherapy or in combination with other therapeutic bone agents, in the prevention and treatment of bone loss. Despite this, calcitriol therapy has been hampered by the common occurrence of hypercalcemia, and a great deal of research is still needed. In addition, osteoporosis rates will increase due to population aging and the increased use of pharmacologic therapies that produce bone loss (hormone ablation therapy, corticosteroid therapy, etc.). The use of intermittent calcitriol therapy now provides new research opportunities involving bone health. Future research on calcitriol therapy should focus on discerning: (a) the effect of intermittent calcitriol therapy on bone mineral density and fracture risk; (b) the effect of intermittent calcitriol therapy on bone metabolism using the most sensitive and specific bone biomarkers (e.g., NTx, BSAP, Osteocalcin, and CTx); (c) the effect of intermittent calcitriol therapy for populations at high risk for secondary osteoporosis (e.g., hormonally sensitive cancers, corticosteroid therapy); (d) what the negative side effects of intermittent calcitriol therapy are and at what doses and time points they occur (e.g., hypercalcemia, renal complications, etc.); (e) what the optimal dose and frequency for intermittent calcitriol therapy in each specific population (e.g., postmenopausal women, hormonally sensitive breast or prostate cancer patients, organ transplant patients, etc.); (f) the effect and synergy of intermittent calcitriol therapy in combination with behavioral bone interventions such as weight-bearing exercise and resistance training on bone mineral density and fracture risk; (g) the effect and synergy of intermittent calcitriol therapy in combination with pharmacologic bone interventions such as new generation bisphosphonates; and (h) which combination of interventions provides the most effective means of preventing and treating bone loss. Future trials using intermittent calcitriol therapy for the treatment and prevention of bone loss should follow the Consolidated Standards of Reporting Trials guidelines [124] . Experimental designs should include validated measures of bone health (e.g., bone mineral density by DXA, clinical fractures, etc.) as primary study outcomes, adverse events should be carefully recorded and reported, and statistical analyses should use intent-to-treat analyses.
Conclusions
In conclusion, evidence suggests that calcitriol, alone and in combination with other therapeutic bone agents, may reduce or even reverse BMD loss among vulnerable populations. Calcitriol used in combination with bisphosphonates and HRT was well tolerated. One common side-effect of calcitriol therapy was hypercalcemia, which usually presented as mild or moderate. Recent research shows that hypercalcemia rates can be reduced by using intermittent dosing regimen. Due to the success of intermittent dosing at reducing hypercalcemia rates, there are a number of new research opportunities involving calcitriol and bone health. Future trials of calcitriol should examine its effect in other populations at high risk for bone loss, such as those treated for hormonally responsive cancers and in combination with newer-generation bisphosphonates.
